The role of protein-tyrosine phosphatases (PTP) in ERBB2 signaling is undefined. Results: Phosphatidic acid (PA) activated PTPD2; inhibition of PA production or PTPD2 expression attenuated ERBB2mediated morphological changes in mammary epithelial cells. Conclusion: The PLD2-PTPD2 axis is required for ERBB2 signaling. Significance: PA-regulated PTPD2 activity is a novel, positive element of ERBB2 signaling, which may offer a new therapeutic strategy in breast cancer.
Reversibility of protein-tyrosine phosphorylation is critical for the dynamic regulation of signal transduction pathways and is maintained by the complementary activity of two families of enzymes, protein-tyrosine kinases (PTKs) 2 and protein-tyro-sine phosphatases (PTPs). Disturbance of the balance between their functions results in aberrant phosphorylation patterns and has been implicated in the etiology of several human diseases, including cancer. Considerable progress has been made in understanding the function of PTKs in cancer. Therapeutic initiatives aimed at modulating tyrosine phosphorylation have traditionally focused on targeting PTKs (1, 2) ; however, tumorderived mutations have also been described in several PTP genes and many of these enzymes have been implicated as products of oncogenes or tumor suppressors in human cancer (3, 4) . Yet the functional role played by individual PTPs in cell transformation is still not well understood.
The receptor tyrosine kinase ERBB2 is amplified or overexpressed in ϳ25% of breast cancer patients and plays a causal role in mammary carcinogenesis (5, 6) . ERBB2 overexpression is an adverse prognostic feature in early stages of the disease and correlates with aggressive tumor development (6, 7) . The anti-ERBB2 drug, Herceptin (trastuzumab), is widely employed for the treatment of metastatic ERBB2-positive breast cancer, yet ϳ70% of patients are resistant to the drug or develop resistance over the course of therapy (8, 9) . Consequently, a deeper understanding of the regulation of ERBB2 signaling is of critical importance in the search for alternative or complementary therapeutic strategies.
Considering that ERBB2 initiates a signal transduction pathway that propagates via tyrosine phosphorylation, it is intuitive that PTPs would play a crucial role in regulation. There are several studies that implicate specific PTPs as negative regulators of signaling pathways initiated by ERBB2. For example, loss-of-function analyses of PTPs in mammary epithelial cells have revealed a negative role for PTPRR, PTPRG, PTPN23 (10) , and RPTP␣ (11) in ERBB2-dependent cell migration. In contrast, some PTPs have also been shown to act as positive regulators of ERBB2-driven carcinogenesis. Inhibition of PTP1B in mouse models of ERBB2-driven breast cancer delayed the onset of mammary tumors and reduced the incidence of metastasis (12, 13) . SHP2 is required for ERK activation in ERBB2-medi-ated carcinogenesis (14) . Members of the PTP family have also been implicated in the sensitivity of breast cancer cells to therapy. For example, the activation of PTEN underlies the activity of Herceptin, and PTEN deficiency has been found to correlate with Herceptin resistance (15) . These findings suggest that PTPs function as specific regulators of ERBB2 signal transduction pathways and highlight the importance of investigating possible roles for other members of the PTP family in regulating the pathophysiology of ERBB2-driven breast cancers.
Here we report an RNAi-mediated loss-of-function screen to study the role of PTPs in mammary epithelial morphogenesis. We used MCF10A cells expressing an inducible form of ERBB2 to investigate the effect of suppressing individual PTPs on mammary acinus architecture in three-dimensional organotypic cultures. We identified a novel role for PTPD2 as a positive regulator of ERBB2 signaling; suppression of PTPD2 attenuated the ERBB2-induced phenotype in three-dimensional cultures, whereas overexpression of PTPD2 enhanced it. In addition, we report that the catalytic activity of PTPD2 was up-regulated by phosphatidic acid (PA) in vitro. Consistent with an important role for PA in ERBB2 signaling in cells, we show that phospholipase D 2 (PLD2) an enzyme that produces PA in cells, was itself required for ERBB2 signaling in a manner that was dependent on PTPD2. We propose a novel regulatory pathway involving PLD2-mediated production of phosphatidic acid and the regulation of PTPD2 function as being critical for optimal ERBB2 signaling.
EXPERIMENTAL PROCEDURES
Materials-Growth factor reduced Matrigel TM was from BD Biosciences, AP1510 was from ARIAD Pharmaceuticals, anti-PTPD2 antibody was from R&D Systems, anti-Ki67 antibody was from Zymed Laboratories Inc., anti-GM130 antibody was from BD Transduction Labs, anti-phosphotyrosine antibody 4G10 was from Millipore, HA antibody was from Covance, phospho-Akt, total Akt, phospho-Erk1/2, total Erk1/2, and cleaved caspase-3 antibodies were from Cell Signaling Technologies, poly-HEMA, YAP1 antibody, and 5-fluro-2-indolyl des-chlorohalopemide (FIPI) were from Sigma, lipid strips were from Echelon Biosciences, L-␣-dipalmitoyl-[glycerol-14 C(U)]phosphatidic acid was from PerkinElmer Life Sciences, unlabeled L-␣-phosphatidic acid and phosphatidylserine were from Avanti Polar Lipids, DiFMUP was from Molecular Probes, PLD1 inhibitor VUO359595 and PLD2 inhibitor VUO364739 were a kind gift from Alex Brown, Vanderbilt University, and SU6656 was from Calbiochem.
Constructs-PTPD2 catalytic domain (886 -1187) in pNIC28Bsa4 vector was a gift from Stefan Knapp (University of Oxford). PTP1B(1-321) is described in Ref. 16 . YAP1 shRNA constructs in the pLKO1 vector were obtained from Addgene; plasmids 42540 and 42541 (17) . Full-length FLAG-tagged PTPD2 construct was kindly provided by Yeesim Khew-Goodall (Centre for Cancer Biology, SA Pathology, Adelaide/University of Adelaide). To stably overexpress PTPD2 in 10A.B2 cells, the cDNA was subcloned into the retroviral pBabe vector.
Cell Culture and Generation of Stable Cell Lines-The 10A.B2 cell line was cultured as described in Ref. 18 . For stable suppression of PTPD2, we expressed pMLP retroviral vector using the targeting sequences GACGGTGTGGCATTTACAA (shRNA#1) and GCCACAAGATATCAGTATT (shRNA#2) as described in Ref. 10 and selected stable cell lines using puromycin (2 g/ml).
Three-dimensional Morphogenesis Assay-Morphogenesis assays were performed in Matrigel TM as described in Ref. 18 . Each experiment was conducted at least twice in duplicate. Beginning day 4, the overlay medium was replenished with 1 M AP1510 (to stimulate chimeric ERBB2) or vehicle control. The morphology of the acini was followed by phase microscopy until day 16. For PLD inhibition, FIPI or PLD isoform-specific inhibitors were added to overlay medium at concentrations of 1 and 2.5 M, respectively. For SRC inhibition, SU6656 was added to overlay medium at a concentration of 5 M (10).
Microscopy and Quantitation of Acini-Phase images from at least 32 random fields per condition were taken using a Zeiss Axiovert 200M microscope. The surface area of each acinus at day 16 was measured using Axiovision 4.4 software (Zeiss). Structures having the appearance of multiple partially, or fully filled acini within the same basement membrane and beyond a predetermined size cutoff (set individually for each experiment) were designated "multiacinar structures." 150 acini were counted per condition and the number of multiacinar structures formed was calculated as a percentage of the total number of structures imaged. The average of two wells was used to calculate the fold-difference as compared to shLuc hairpin-expressing control. Two-way analysis of variance (ANOVA) was used to determine the statistical significance of the data collected.
Preparation of Lysates and Immunoblotting-To harvest total cellular lysates from 10A.B2 cell lines, a fully confluent plate of cells was washed with 5 ml of 1ϫ phosphate-buffered saline (PBS) and extracted in 500 l of RIPA buffer (50 mM Tris-HCl, 150 mM NaCl, 1% (v/v) Nonidet P-40, 0.5% (w/v) sodium deoxycholate, 0.1% (w/v) SDS, pH 8.0, containing 2 mM sodium orthovanadate and Roche protease inhibitor mixture). Cells were lysed on a rotating wheel at 4°C for 30 min. Thereafter, the lysate was cleared by centrifugation at 12,000 ϫ g for 10 min. The supernatant was quantitated using Bradford reagent. Equal amounts of protein were resolved by SDS-PAGE and detected by immunoblotting. To check the activation status of effectors downstream of ERBB2, confluent 10A.B2 cells were washed twice with 1ϫ PBS and starved in DMEM/F-12 medium (without any additives) for 14 -16 h. Cells were then stimulated in DMEM/F-12 containing 1 M AP1510 for the desired duration and lysed for immunoblotting.
Immunofluorescence-For immunofluorescence visualization of Ki67, GM130, and caspase-3, acini were fixed on days 16, 18 and 8, respectively, as described in Ref. 18 . Microscopy was performed on Zeiss Axiovert 200M microscope using Axio-Vison 4.4 and ApoTome imaging system. Acini with 3 or more Ki67-positive cells were designated "Ki67-positive acini." Data are represented as percentage of Ki67-positive acini out of a total of 50 acini counted per condition.
Detachment Culture-Tissue culture plates were coated with 12 mg/ml of poly-HEMA and incubated at 37°C until dry. 10A.B2 cell lines were plated in complete growth medium with or without 1 M AP1510 in suspension at a density of 200,000 cells/ml for 48 h. Thereafter, cells were collected and washed in 1ϫ PBS before lysis for immunoblotting.
Purification of Recombinant PTP1B and His-tagged PTPD2 Catalytic Domains-PTP1B and His 6 -tagged PTPD2 catalytic domain (Stefan Knapp lab) were introduced into the bacterial strain BL21-RIL for recombinant protein production. Briefly, 5 ml of overnight bacterial culture was added to 500 ml of LB medium and incubated until A 600 reached 0.6. Cultures were induced with 1 mM isopropyl 1-thio-␤-D-galactopyranoside and allowed to grow for 4 h at 18°C. Cells were harvested and lysed in 25 ml of Lysis buffer (50 mM HEPES, 100 mM NaCl, 1% (v/v) Triton X-100, 0.5% (v/v) DMSO, pH 7.0) containing protease inhibitors by sonication. The sonicated lysate was cleared by centrifugation at 45,000 ϫ g for 1 h at 4°C. The supernatant was filtered through a 0.45-m filter and loaded onto a Ni 2ϩ -NTA column. The column was washed with 50 mM HEPES, 250 mM NaCl, 1 mM DTT, and 50 mM imidazole (pH 7.0). Bound His 6 -tagged protein was eluted using 300 mM imidazole.
Lipid Binding Assays-[ 14 C]DPPA was resuspended in 20 mM imidazole, 1 mM EDTA, 1 mM DTT (pH 7.0), and vesicles were prepared by sonication until the solution became clear. Recombinant catalytic domain of PTPD2 or PTP1B bound to Ni 2ϩ -NTA beads was incubated for 30 min at room temperature with various concentrations of [ 14 C]DPPA. The PTP-[ 14 C]DPPA complex was separated from unbound [ 14 C]DPPA by centrifugation, and bound radioactivity was measured by liquid scintillation counting. To assess the extent of any quenching during liquid scintillation counting, the highest concentration of [ 14 C]DPPA was incubated with varying amounts of Ni 2ϩ -NTA-agarose beads, and radioactivity in the absence and presence of the beads was compared. No apparent change in the radioactivity of [ 14 C]DPPA was observed even when Ni 2ϩ -NTA-agarose beads were included at 20-fold excess over the amount of beads used in the binding assays.
Phosphatase Activity Assays-For phosphatase assays, varying concentrations of DiFMUP (0 -500 M) was added to assay buffer (50 mM HEPES, 100 mM NaCl, 0.01% (v/v) Tween, 0.1% (v/v) DMSO, 2 mM DTT, 2 mM EDTA, pH 6.5) containing 0.1 M purified PTPD2 in a final volume of 100 l. The fluorescence emitted at 450 nm was monitored continuously for 20 min using a Gemini XPS fluorescence plate reader. For assays using radiolabeled substrate, reduced carboxamidomethylated and maleylated lysozyme was phosphorylated on tyrosine to a stoichiometry of 0.8 mol of 32 P/mol of protein using recombinant GST-FER kinase and [␥-32 P]ATP, and activity was measured as described previously (19, 20) .
RESULTS

Loss-of-function Screen of Classical PTPs to Identify Regulators of Mammary Epithelial Morphogenesis-
To investigate the roles of classical PTPs in mammary epithelial cells, we employed a loss-of-function screen combined with a three-dimensional organotypic culture model system. We used 10A.B2 cells, MCF10A cells that ectopically express a chimeric form of ERBB2, which can be selectively activated using a small molecule dimerizer, AP1510 (21) . We expressed a library of shRNAs (10) against classical PTPs in 10A.B2 cells to study systemati-cally the effect of loss of individual PTPs, either alone, or in combination with ERBB2 activation, on the architecture of mammary acini-like structures formed in three-dimensional culture in Matrigel.
To make the screen more manageable, we tested shRNAs in pools. We chose 4 shRNAs per PTP and grouped them into 2 pools of 2 hairpins each. In the absence of AP1510 stimulation, we found that the shRNA pools against 3 PTPs (PTPRK, PTP-BAS, and PTPRU) disrupted acinus morphology, resulting in the formation of partially filled, disorganized structures ( Fig.  1A) . In the context of AP1510-induced ERBB2 signaling, we found that shRNA pools against 8 PTPs had distinct effects on acinus architecture. The multiacinar phenotype characteristic of ERBB2 activation was enhanced by shRNA pools against PTPRU, PTPRM, PTPRZ1, and PTPRO, suggesting a negative effect of these PTPs on signaling. In contrast, shRNA pools against PTPRS, PTPD2, PTPTYP, and PTPHe attenuated the ERBB2 phenotype, consistent with a positive role for these PTPs (Fig. 1B) . The results suggest distinct and specific functional roles played by different PTPs in signal transduction pathways that regulate mammary acinus architecture.
We were interested in PTPs that had not been characterized extensively and acted as positive regulators of ERBB2 signaling as they may represent a novel avenue for therapeutic intervention in ERBB2-positive tumors. Both shRNA pools against PTPD2 showed a significant decrease in the AP1510-induced multiacinar phenotype (Fig. 1B ), suggesting that the phenotype was produced by at least two distinct short hairpins. Consequently, we focused our efforts on PTPD2.
PTPD2 Plays a Positive Role in ERBB2 Signaling-We deconvoluted the pools of short hairpins against PTPD2 into individual shRNAs and selected two that efficiently suppressed expression, as verified by immunoblotting ( Fig. 2A ). Then, we tested whether these individual shRNAs recapitulated the phenotype observed with the pools used in the screen. Activation of ERBB2 induced the formation of multiacinar structures in control acini; however, the abundance and size of these structures was significantly decreased in cells expressing the PTPD2 shRNAs ( Fig. 2B ).
Activation of ERBB2 in mammary acini induces the formation of multiacinar structures by causing hyperproliferation, lumen filling, and disruption of apico-basal polarity (22) . We tested which of these events was affected by loss of PTPD2. ERBB2-induced changes in proliferation were measured in acini expressing control or PTPD2 shRNA by staining with an antibody against Ki67 (a marker of proliferating cells). Interestingly, ERBB2-induced proliferation in shPTPD2 acini was similar to that of control acini (Fig. 2C ).
The outermost cells in mammary acini undergo apico-basal polarization as a result of which GM130, a cis-Golgi marker, is localized to the side of the cells facing the prospective lumen (23) . Activation of ERBB2 disrupts this axis of polarity, as a result of which GM130 is mislocalized. Accordingly, in AP1510-stimulated control acini, we observed that GM130 was localized to the basolateral surface of the cells (Fig. 2D , white arrowheads). However, in PTPD2 shRNA-expressing cells, GM130 was localized to the apical surface despite ERBB2 activation with AP1510 ( Fig. 2D ).
Activation of ERBB2 also causes lumen filling by overriding apoptotic signals in ECM-detached lumenal cells (22, 23) . Activation of chimeric ERBB2 in control 10A.B2 cells resulted in the formation of acini with filled lumens, whereas it failed to cause lumen filling in structures derived from cells expressing PTPD2 shRNA (shPTPD2 cells) ( Fig. 2D ). We observed that compared with control acini, shPTPD2 acini showed increased staining for caspase-3 (a marker of apoptotic cells) in the context of ERBB2 activation (Fig. 3 ). Together, these data suggest that PTPD2 was required specifically for ERBB2-mediated cell survival and disruption of apico-basal polarity, but not for ERBB2mediated hyperproliferation.
To validate further the role of PTPD2 in ERBB2 signaling, we tested the effect of PTPD2 overexpression (Fig. 4A ) in 10A.B2 cells. We observed that when stimulated with AP1510, cells that overexpressed PTPD2 showed an enhanced multiacinar phenotype as compared with controls ( Fig. 4B ).
To investigate whether there were alterations in the copy number or mRNA expression level of the PTPN14 gene, which encodes PTPD2, in human breast cancer, we used cBioPortal to analyze 463 tumor samples from the TCGA data set (24, 25) . The results indicated that PTPD2 was altered in 14% of the human tumor samples analyzed, a majority of the alterations being amplification or mRNA up-regulation events. This was comparable with PTP1B, which is established to act as a positive regulator of ERBB2 signaling in breast cancer (12, 13) . Together, these results are consistent with a pro-oncogenic role for PTPD2 in human breast cancer.
Effect of PTPD2 Suppression on ERBB2 Signaling-Following dimerization, ERBB2 undergoes autophosphorylation, creating phosphotyrosine sites that recruit and activate signaling complexes. This results in the activation of effector pathways, chiefly, RAS/MAPK and PI3K/AKT (26) . We evaluated the effects of PTPD2 suppression on the activation of these pathways following ERBB2 stimulation. Under conditions of acute activation of chimeric ERBB2 (Յ60 min), suppression of PTPD2 did not have a significant effect on the overall tyrosine phosphorylation of ERBB2 in cells cultured in 2D. However, we observed a clear inhibition of Akt signaling in PTPD2 knockdown cells as compared with control ( Fig. 5A ). Any effect of PTPD2 knockdown on ERK signaling was less pronounced.
In light of our observation that loss of PTPD2 prevents ERBB2-mediated survival of cells in the lumen, we also tested the effect of PTPD2 loss on ERBB2 signaling in cells cultured in suspension (27) . Although we observed no apparent difference in AP1510-induced ERBB2 phosphorylation between control cells and PTPD2-knockdown cells cultured under attached conditions, loss of PTPD2 in suspension culture resulted in a decrease in AP1510-induced ERBB2 phosphorylation as compared with shLuc controls (Fig. 5B ). This requirement for PTPD2 for optimal ERBB2 activation in ECM-detached (suspension culture) cells is consistent with a role of the phosphatase as a positive regulator of signaling. We tested whether PTPD2 exerted its positive effects by acting on known substrates or components of the ERBB2 signaling pathway. Some reports implicate PTPD2 in the regulation of the transcription factor, YAP1 (28) . We tested whether, under conditions of ERBB2 activation, PTPD2 regulated YAP1 tyro-sine phosphorylation, thereby affecting its function as a transcription factor. However, we did not observe tyrosine phosphorylation of YAP1 in 10A.B2 cells, either under basal conditions or following AP1510 stimulation. Furthermore, we found that suppression of YAP1 with 2 different functional shRNAs did not affect the multiacinar phenotype of ERBB2 activation (Fig. 6, a and b) , suggesting that YAP1 is not a critical substrate of PTPD2 in ERBB2 signaling. SRC family kinases are also known to be critical downstream regulators of ERBB2 signaling (29, 30) . We tested whether PTPD2 cooperated with ERBB2 signaling by modulating the activation of SRC. We observed that whereas a small molecule inhibitor of SRC, SU6656, inhibited the multiacinar phenotype in control 10A.B2 cells, it did not affect the more aggressive multiacinar phenotype of PTPD2-overexpressing cells (Fig. 7) . Suppression of PTPD2 also did not affect SRC phosphorylation status. This suggests that PTPD2 does not act through SRC in this context.
Phosphatidic Acid Bound to PTPD2 in Vitro and Enhanced Its Catalytic Activity-According to published reports, the activity of PTPD2 toward phosphotyrosine substrates is less robust than that of other classical PTPs (31) . This has been attributed to the presence of an isoleucine in place of the consensus tyrosine residue that defines the depth of the catalytic cleft and stabilizes the interaction with the incoming phosphotyrosine substrate. It has been suggested that this deviation in the primary sequence might influence the substrate preference of PTPD2 (31, 32) . Dual specificity phosphatases also lack this critical tyrosine, and present a more open, shallow active site cleft. We did not observe dephosphorylation of phosphoserine and phosphothreonine-containing peptides by the recombinant catalytic domain of PTPD2. Furthermore, some dual specificity phosphatases, including the lipid phosphatase PTEN, are also known to recognize phospholipids as substrates; however, when tested against a panel of phospholipids, we observed that both wild type and substrate-trapping mutant forms of PTPD2 specifically bound to phosphatidic acid (Fig. 8A) , indicating that it is not a substrate but rather a binding partner of PTPD2.
This lipid-protein interaction was investigated further by performing binding assays with liposomes of [ 14 C]DPPA. We found that recombinant PTPD2 bound strongly to the radiolabeled lipid. Recombinant PTP1B(1-321) , on the other hand, bound poorly in comparison, consistent with specificity in the binding of PTPD2 to DPPA (Fig. 8B) . Full-length PTPD2, immunoprecipitated from cells, also efficiently bound to [ 14 C]DPPA (Fig. 8C) .
We tested the functional significance of PA binding to PTPD2 function. When recombinant PTPD2 was treated with PA, we observed an increase in the activity of the enzyme toward DiFMUP, an artificial substrate (Fig. 8D) . This suggested that phosphatidic acid might act as a positive regulator of the catalytic activity of PTPD2. This effect was not seen when PTPD2 was treated with phosphatidylserine ( Fig. 8E) .
We also tested whether PA had a similar effect on the catalytic activity of full-length PTPD2 toward a protein substrate. We found that PA binding resulted in an ϳ3-fold increase in the catalytic activity of full-length PTPD2 (immunoprecipitated from cells) toward phosphorylated reduced carboxami- domethylated and maleylated lysozyme (RCML) (Fig. 8F, left) without altering substrate affinity. This indicates that PA binding to PTPD2 increased substrate turnover. Full-length PTP1B, derived from cells, was not activated by PA and served as a negative control in this experiment (Fig. 8F, right) . Taken together, these data suggest that PA binds to PTPD2 in vitro and augments its catalytic activity.
Small Molecule Inhibitors of PLD Suppressed the Multiacinar Phenotype by Inhibiting ERBB2-mediated Lumen Filling-We
hypothesized that phosphatidic acid-mediated regulation of PTPD2 was crucial for the function of the phosphatase in cells as a positive regulator of ERBB2 signaling. Therefore, we tested whether manipulation of the levels of phosphatidic acid in cells would attenuate the multiacinar phenotype induced by ERBB2 activation in three-dimensional cultures. FIPI is a well characterized small molecule that has been used widely to inhibit PLD, an enzyme that generates phosphatidic acid from phosphatidylcholine (33) . In the absence of signaling from chimeric ERBB2, FIPI had no effect on the morphogenesis of 10A.B2 cells. However, FIPI treatment inhibited the AP1510-induced multiacinar phenotype of 10A.B2 cells in three-dimensional culture (Fig. 9A, compare first and second panel) . FIPI treatment reduced the number and size of multiacinar structures formed upon AP1510 stimulation. This suggests that the func- tion of PLD enzyme and, by extension, the levels of phosphatidic acid in the cell, was important for ERBB2 signaling. Two isoforms of mammalian PLD have been identified, PLD1 and PLD2, which differ in basal activity, localization, and regulatory functions (34) . To investigate the relative importance of each isoform in the regulation of ERBB2 signaling, we treated 10A.B2 acini with previously reported isoform-selective inhibitors (35, 36) . We found that a PLD1-specific inhibitor (VUO359595) did not have a significant effect on the multiacinar phenotype. However, the PLD2-specific inhibitor VUO364739 suppressed the AP1510-induced multiacinar phenotype of ERBB2 as compared with vehicle-treated control (Fig.  9A, compare first panel with third and fourth panels) . Treatment with the PLD1-specific inhibitor resulted in a small decrease in the size distribution of multiacinar structures formed as compared with control, whereas the PLD2-specific inhibitor caused a dramatic reduction in the size distribution of the multiacinar structures resulting from AP1510 stimulation (Fig. 9B ). This result implicates the PLD2 isoform as a positive regulator of ERBB2 signaling. We observed that RNAi-mediated suppression of PTPD2 attenuated the formation of multiacinar structures by inhibiting specifically ERBB2-mediated lumen filling and loss of polarity, but not ERBB2-induced hyperproliferation (Fig. 2, c and d) .
We tested whether inhibition of PLD2 also affected the formation of multiacinar structures in the same manner. The results of PLD inhibition with the PLD2 isoform-specific inhibitor, VUO364739, were strikingly similar to those observed with loss of PTPD2 in the context of ERBB2 activation. There was no difference in ERBB2-induced proliferation in acini treated with the PLD2 inhibitor as compared with DMSO-treated controls (Fig. 9C ). However, ERBB2 activation inhibited lumen filling in structures treated with the PLD2 inhibitor (Fig. 9D) . The small molecule inhibitor of PLD2 essentially phenocopied shRNAmediated suppression of PTPD2 in the context of ERBB2 signaling, suggesting that PLD2 and PTPD2 might be acting in the same effector pathway that regulates ERBB2-mediated lumen filling and loss of polarity.
Suppression of PTPD2 Inhibited Phosphatidic Acid-mediated
Rescue of the PLD Inhibition Phenotype-It has been shown previously that exogenously added phosphatidic acid is incorporated into cell membranes and can elicit cellular responses (37) . We tested whether rescue of the PLD inhibition phenotype by exogenously added PA was dependent on PTPD2. In FIPI-treated control acini, we observed that the addition of phosphatidic acid to the three-dimensional overlay medium rescued the effect of the PLD inhibitor. In shPTPD2 acini, however, phosphatidic acid did not rescue the FIPI treatment phenotype, suggesting that PTPD2 was required for signaling downstream of the lipid (Fig. 10, A and B) . This result suggests that PTPD2 is required for the functional role played by PLD and, by extension, phosphatidic acid in ERBB2 signaling.
DISCUSSION
In this study, we have identified PTPD2 as a novel, positive regulator of the ERBB2 signaling pathway. We observed that suppression of PTPD2 attenuated the phenotype characteristic of ERBB2 activation in three-dimensional cultures, suggesting that this enzyme is critical for the ERBB2 signaling pathway to function optimally. Importantly, we observed that PTPD2 was required specifically for ERBB2-mediated lumen filling and loss of polarity, but not for hyperproliferation. This is different from PTP1B, which also acts as a positive regulator of ERBB2 signaling, but is required for ERBB2-mediated proliferation as well as cell survival (38) . This evidence highlights the specificity of PTPs in the regulation of signaling pathways downstream of ERBB2.
We report that PTPD2 specifically bound to PA from among a panel of phosphorylated lipids. Lipid species have been shown to function as critical second messengers in signal transduction pathways, both by recruiting signaling molecules to cellular membranes (39) and modulating enzyme catalytic activity (40) . PA, for example, has been shown to modulate the activity of several enzymes involved in signal transduction including isoforms of cAMP-specific phosphodiesterases (41) and the protein kinase Raf-1 (42) . Of particular relevance to our findings, it has been reported that PA can bind to and augment the catalytic activity of the phosphotyrosine-specific PTP, SHP-1 (43) . Consistent with these observations, we found that PA binding to PTPD2 resulted in enhancement of the phosphatase activity of PTPD2 toward phosphorylated RCML (reduced carboxamidomethylated and maleylated lysozyme) substrate.
We found that inhibition of PLD (the enzyme that produces phosphatidic acid from phosphatidylcholine) also suppressed the multiacinar phenotype of activated ERBB2 in three-dimensional cultures, suggesting a positive role for this enzyme in the ERBB2 signaling pathway. It has been reported that PLD2 forms a complex with the EGF receptor and undergoes tyrosine phosphorylation following stimulation with EGF (44) . Although we did not observe tyrosine phosphorylation of PLD2 upon acute stimulation of chimeric ERBB2, it is possible that there exist other mechanisms of PLD2 activation in the context of ERBB2 signaling. Consistent with a pro-oncogenic role for this enzyme, a high level of PLD activity has been observed in breast cancers (45, 46) . We also observed that exogenously added phosphatidic acid can rescue the PLD inhibition phenotype, but only when PTPD2 was present. This result supports a central role for PTPD2 downstream of PLD2 activity in ERBB2 signaling. We speculate that enhancement of the catalytic function of PTPD2 by PLD2-generated phosphatidic acid is important for the dephosphorylation of critical downstream mediators of ERBB2 signaling.
Consistent with a positive signaling function, overexpression of PTPD2 in epithelial Madin-Darby canine kidney cells has been shown to cause increased cell motility and changes in gene expression observed in epithelial cancer cell lines that have undergone epithelial-mesenchymal transition, a process associated with cancer progression (47) . There is an interesting difference in reports of the functional role of PTPD2 in breast cancer. In studies carried out in parental MCF10A cells, which are dependent on EGF signaling, it has been reported that suppression of PTPD2 results in the disruption of MCF10A acinus morphology, suggesting that it may have a tumor suppressor function (48, 49) . In our study, we have reported that suppression of PTPD2 rescues the multiacinar phenotype caused by ERBB2 activation, suggesting a pro-oncogenic role for PTPD2 in the context of ERBB2 activation in 10A.B2 cells. The observation that PTPD2 has functionally distinct roles under these two conditions underscores the fact that some PTPs may function negatively or positively depending on the signaling con-text. For example, PTP1B is known to play a pro-oncogenic role in the context of ERBB2-driven mammary carcinogenesis (12, 13) . However, in ovarian cancer cells, PTP1B inhibits pro-survival signals induced by insulin-like growth factor-1 (50) . SHP2 plays a well characterized oncogenic role as an activator of RAS signaling in a variety of tumors (3) . However, deficiency of PTPN11, the gene that encodes SHP2, has also been shown to underlie excessive proliferation in cartilage tumors, consistent with a tumor suppressor function in this context (51) .
There are precedents in literature to suggest that proliferation might be regulated independently of cell survival and apico-basal polarity downstream of ERBB2. A mutant form of the polarity protein Par6, which is unable to bind to atypical protein kinase C, reverses the multiacinar and cell survival phenotypes characteristic of ERBB2, without affecting hyperproliferation (52) . Another study provides evidence that proliferation and polarity are regulated independently, downstream of a ␤4 integrin-ERBB2 complex during ERBB2-driven carcinogenesis (53) . It remains to be tested whether PTPD2 functions in ERBB2 signaling by regulating one or more of these effector pathways or an as yet uncharacterized pathway. Our observations suggest that PTPD2 is at least required for ERBB2 to override apoptotic signals. One possibility is that ERBB2 could be signaling to anti-apoptotic pathways via PTPD2. However, it has also been suggested that polarity proteins themselves can directly regulate cell death pathways (52) , raising the possibility that PTPD2 could be regulating these pathways indirectly by acting on polarity proteins.
The challenges underlying the use of existing anti-ERBB2 therapies necessitate further investigation of the mechanisms that regulate this signaling pathway to identify new therapeutic targets. Our findings illustrate a novel signaling axis comprising PLD2 and PTPD2 that acts positively to regulate ERBB2 signaling. It is important to gain a mechanistic understanding of signaling events downstream of these molecules and to validate our findings in vivo using disease-relevant animal models. Together, these studies could provide a basis for prognostic and therapeutic interventions targeting PTPD2 in ERBB2-positive breast cancers.
